environments, by focusing on the protective mutualism between burying beetles 23 Nicrophorus vespilloides and their phoretic mites (Poecilochirus carabi). Our 24 experiments identify the burying beetle's fundamental thermal niche and show that it 25 is restricted by competition with blowfly larvae at higher and lower temperatures 26 (within the natural range). We further demonstrate that mites expand the burying 27 beetle's realised thermal niche, by reducing competition with blowflies at lower and 28 higher temperatures, thereby enabling beetles to produce more offspring across a 29 wider thermal range. We conclude that mutualisms can play an important role in 30 promoting survival under novel and adverse conditions, particularly when these 31 conditions enhance the performance of a common enemy. 137 To assess whether mites are protective mutualists of the burying beetle, we 138 investigated how they affected burying beetle reproductive success in the field, in 139 Madingley Woods. These experimental breeding events involved opportunistic co- 140 breeding by the blowflies that were present naturally in the woods. We recorded 141 ambient temperature during each experiment by using iButton temperature data 142 loggers placed at 1 m above ground at 1 h intervals throughout. Breeding events were 143 established at 20 different sites (see Fig. S1 ), each separated by approx. 30 m from the 144 nearest neighbouring site. Each site was used more than once. The set up for each 145 breeding event is shown in Fig. S2 . A 8-16 g (12.40 ± 0.15 g) mouse carcass was 146 placed on the compost and left for three days, to simulate the average time taken by 147 beetles to locate a carcass in the field (see above). We then added a pair of burying 148 beetles from the laboratory colony. We also added mites at one of three different 149 densities: 0, 10, or 20 mite deutonymphs (n = 66, 68, and 61 respectively for these 150 three treatments). At Madingley Woods, 113 out of 172 (65.7%) wild-caught N. 151 vespilloides carried 0 -92 mites per beetle (median = 5). Therefore these 152 manipulations of mite density fall within the natural range. 153 Each experiment was terminated when the beetle larvae dispersed or when the 154 dead body was completely consumed by blowfly larvae. At this point we measured 155 components of beetle fitness (number of beetle larvae), blowfly fitness (number of 156 blowfly larvae), and mite fitness (number of dispersing mite deutonymphs on adult Laboratory experiment 1 160 We repeated the experiment in a lab setting so that we could carry out manipulations 161 to address two specific questions: 162 163 1) Are mites in a protective mutualism with burying beetles? 164 Here we tested for evidence that a) blowflies depress burying beetle fitness and b) 165 mites can counteract any such negative effects. Accordingly, we manipulated the 166 presence/absence of blowflies and mite density, using a fully-factorial 2 (blowfly 167 treatments) x 3 (mite treatments) experimental design. To simulate the presence of 168 blowfly competition, we placed 30 mg (30.22 ± 0.07 mg) of newly-laid blowfly eggs 169 onto a 7-16 g (11.13 ± 0.15 g) mouse carcass, mimicking the rapid oviposition on a 170 freshly dead carcass by blowflies in nature (Wilson 1983) . As a control, dead mice of similar size were kept free of blowflies (10.64 ± 0.15 g). In both blowfly treatments, 172 the dead mouse was placed on the soil in a breeding box in a temperature-regulated 173 breeding chamber for 3 days before adding the beetles, simulating the later arrival of 174 the beetle at the carcass that is seen in nature (see above). During this time, the fly 175 eggs were able to hatch and the blowfly larvae started to consume the carcass. The 176 mite density treatments matched those used in the field experiment: 0, 10, or 20 mites. 177 Mite deutonymphs were introduced to the dead mouse at the same time as the burying 178 beetles. When the breeding bout was complete, as indicated by either the beetle larvae 179 starting to disperse away or carcass consumption by blowfly larvae, whichever came 180 sooner, we measured the fitness components of beetles, mites, and blowflies using the 181 methods described above in the field experiments. 182 183 2) Is the protective mutualism modulated by temperature? 184 The six treatments described above were staged in temperature-regulated breeding 185 chambers (Panasonic MLR-352-PE). Each temperature treatment mimicked the 8°C 186 diurnal temperature fluctuation that is typical for Madingley Woods, during the 187 burying beetle's breeding season (Fig. S3 ). The mean temperature for each 188 manipulation was 11, 15, and 19°C, which In a second experiment, we examined larval development, the number of dispersing 204 larva, and the rate of carcass consumption, at the three different temperatures used in treatment). This enabled us to examine how blowflies respond to temperature, 207 independent of the actions of the mites and blowflies. Once again, we placed blowfly 208 eggs (30.22 ± 0.09 mg) on a mouse carcass (10.74 ± 0.30 g) placed on soil in a plastic 209 breeding box, and put the box in a temperature-controlled breeding chamber (No 210 burying beetles or mites were added this time). Every 12 h we checked the boxes and 211 determined the stage of blowfly larval development attained, namely 1 st , 2 nd , 3 rd 212 instars and post-feeding. In addition, we recorded when the carcass entered the 213 bloating stage (indicated by swelling and putrefaction). When the larvae entered the 214 post-feeding stage, we counted them, and recorded their total mass. From these data 215 we determined the proportion of carcass consumed, calculated as total mass of larvae 216 divided by initial carcass mass. Field experiments 238 Effects of mites and temperature on burying beetles 239 We found that the number of burying beetle larvae present at the end of larval 240 development, as dispersal, varied with temperature but that this relationship differed 241 among the three mite treatments (mite x temperature 2 interaction, χ 2 = 10.81, d.f. = 2, 242 P = 0.004; Fig. 1 ). We split the dataset by mite treatment to determine exactly how 243 this relationship changed across the mite treatments. When there were no mites 244 present, the burying beetle's reproductive success showed a curvilinear relationship 245 with temperature, peaking at intermediate temperatures but falling off markedly at 246 low and high temperatures ( Fig. 1a ). When burying beetles bred alongside 10 mites, 247 temperature explained no variation in beetle reproductive success (temperature 2 : χ 2 = 248 0.035, d.f. = 1, P = 0.851; temperature: χ 2 = 0.87, d.f. = 1, P = 0.351; Fig. 1b ). Effects of mites and temperature on blowflies 255 In separate analyses, we investigated how blowfly reproductive success covaried with 256 temperature and the mite treatments. Once again, we found that the relationship with 257 temperature was different in the different mite treatments (mite x temperature 2 258 interaction, χ 2 = 11.53, d.f. = 2, P = 0.003; Fig. 1d ). Again, we split the dataset by 259 mite treatment, to see how these differences arose. We found that when no mites were 260 present, blowflies had greatest reproductive success at higher temperatures and 261 performed much less well at intermediate temperatures (temperature 2 : χ 2 = 9.57, d.f. = 262 1, P = 0.002; Fig. 1d ), with more larvae produced at higher than lower temperature 263 (temperature: χ 2 = 4.87, d.f. = 1, P = 0.027; Fig. 1d ). By contrast, temperature 264 explained much less variation in blowfly reproductive success in the 10 mite 265 treatment (temperature 2 : χ 2 = 0.32, d.f. = 1, P = 0.572; temperature: χ 2 = 1.32, d.f. = 266 1, P = 0.250; Fig. 1e ) and the 20 mite treatment (temperature 2 : χ 2 = 1.41, d.f. = 1, P = 267 0.236; temperature: χ 2 = 0.41, d.f. = 1, P = 0.521; Fig. 1f ). 268 269 Relationship between mite reproductive success and temperature 270 In contrast to the beetles and blowflies, we found no evidence that mite reproductive 279 Overall, we found that burying beetle reproductive success was affected by blowfly 280 competition but that the magnitude of the effect depended both on mite density and 281 temperature (fly x mite x temperature interaction, χ 2 = 76.29, d.f. = 4, P < 0.001; Fig.   282 2). To unpick these effects, we initially split the dataset by the three different mite 283 treatments, to determine the effect of blowflies on burying beetle reproductive success 284 at different temperatures and how that relationship was modulated by mites. 285 The burying beetle's fundamental thermal niche is shown in Figure 2d 304 Next, we examined how varying mite density protected burying beetles from 305 competition with blowflies within each temperature treatment (analysing data shown 306 in Fig. 2a-c ). We found that beetle breeding success varied with temperature but that 307 the relationship changed with the density of mites (mite x temperature interaction, χ 2 308 = 138.13, d.f. = 4, P < 0.001). To understand the cause of this significant interaction, 309 we split the dataset again into the three different temperature treatments, and Next, we determined the predictors of blowfly reproductive success, analysing only 338 those treatments with blowflies present. We found that the number of blowfly larvae 339 produced varied with temperature, and that this relationship differed with mite density 340 (mite x temperature interaction, χ 2 = 14.33, d.f. = 4, P = 0.006; Fig. 3 ). Splitting the 341 dataset into the three mite treatments, we found that the number of blowfly larvae 342 produced in the absence of mites was substantially greater at higher temperatures than Reproductive success of mites in relation to blowfly presence and temperature 357 We analysed the effects of blowflies and temperature on mite performance, using two 358 separate analyses, one for the 10 mite treatment and one for the 20 mite treatment. In 359 each case, we found no significant interaction between the blowfly treatment and the 360 temperature treatment on the number of mite deutonymphs produced (10 mites: 361 blowfly x temperature interaction χ 2 = 2.51, d.f. = 2, P = 0.286; 20 mites: blowfly x 362 temperature interaction χ 2 = 2.11, d.f. = 2, P = 0.349; Fig. S5 ). Furthermore, when 363 there were 10 mites present we could detect no effect of either temperature (χ 2 = 1.69, Fig. 4a ), and that they consumed the carcass to a similar extent (χ 2 = 2.57, d.f. 377 = 2, P = 0.277; Fig. 4b ). 378 However, the pace of blowfly development was greatly accelerated at higher 379 temperatures (temperature x developmental stage interaction, χ 2 = 178.46, d.f. = 8, P 380 < 0.001; Fig. 4c ). Specifically, the first two stages of development, i.e., blowfly eggs and 1 st instar larvae were much longer at lower temperatures, compared to 382 development at intermediate (eggs: t = 3.75, P = 0.001; 1 st : t = 3.93, P < 0.001) and 383 higher temperatures (eggs: t = -3.76, P < 0.001; 1 st : t = -4.89, P < 0.001). We could 384 detect no difference in the duration of development between intermediate and high When breeding without blowflies or mites, burying beetles had peak reproductive 394 success at around 15°C, (Fig. 2d : the fundamental thermal niche). Introducing rival 395 blowflies did not change this peak, but caused beetle reproductive success to fall off 396 markedly at lower and high temperatures, both in the field (Fig. 1a ) and in the lab 397 ( Fig. 2a) , reducing the beetle's realised thermal niche. Our experiments thus suggest 398 that burying beetles can compete effectively, and singlehandedly, with blowflies at 399 15°C ( Fig. 2a,d) , perhaps because parents consume blowfly eggs themselves or 400 because beetle larvae are more effective rivals with blowfly larvae when both species 401 develop at this temperature. Whatever the mechanism mediating competition, 402 blowflies showed a corresponding dip in their reproductive success at these 403 intermediate temperatures ( Fig. 1d and 3a) , which was not seen when blowflies bred 404 alone on a dead mouse (Fig. 4a,b) . 405 Burying beetles were less effective competitors with blowflies at higher and 406 lower temperatures. At higher temperatures, fly development was greatly accelerated 407 ( Fig. 4c) , making the blowfly larvae more potent rivals for carrion resources. At lower 408 temperatures, burying beetle larvae develop slowly (Meierhofer et al. 1999) , 409 potentially even more slowly than blowfly larvae (Fig. 4c ). This might explain their 410 inferior ability to compete at lower temperatures, but further experiments are needed 411 to test this idea directly. 412 It was at these higher and lower temperatures that phoretic mites switched from 413 commensalism to a protective mutualism in the field (Fig. 1b,c) , causing a substantial 414 reduction in blowfly reproductive success ( Fig. 1d-f ). The protective mutualism takes 415 the form of pseudo-reciprocity (Connor 2010). The beetle transports the mites to the carcass, and thereby enables the mites to breed, but presumably at some energetic and 417 competitive cost. Nevertheless, by ensuring that mites are present on the carcass, the 418 beetle increases the chance that the mite will return it some fitness benefits during 419 reproduction. Our experiments show that these fitness benefits are derived as a by-420 product of the mite's self-serving foraging behaviour rather through a specific 421 adaptation in the mite that has evolved to serve the beetle. We found no evidence that 422 mites are specifically adapted to eat fly eggs because their reproductive success was 423 not enhanced when they could consume fly eggs in addition to carrion (Fig. S5 ) 424 The mites expand the burying beetle's realised thermal niche, counteracting the 425 negative effects of the blowflies. In the field experiments, the burying beetle's 426 thermal niche extended to include lower temperatures when mites were present at low 427 densities ( Fig. 1b ) and expanded to include higher temperatures only when mites were 428 present at high densities (Fig. 1c ). This might be because blowflies posed the greatest 429 competitive danger to burying beetle larvae at higher temperatures (Fig. 1d) , and 430 more mites were required to neutralise this threat. We saw a similar pattern in the 431 protective mutualism when we staged experiments in the lab (Fig. 2b,c) . The trapping 432 data show that beetles commonly carry 10-20 mites in the field at higher 433 temperatures, and so are likely to expand the burying beetle's thermal niche in this 434 way at natural breeding events ( Fig S4) . 435 Nevertheless, we found limits on the expression of this protective mutualism. In 436 the lab, high densities of mites significantly decreased beetle reproductive success at 437 intermediate temperatures in the lab, even in the presence of blowflies (Fig. 2c ). We 438 did not see equivalent effects under field conditions, perhaps because we made 439 conditions more favourable for blowfly larvae in the lab, by adding them to the 440 carcass well in advance of the beetles and mites. Furthermore, and consistent with 441 previous work (see Wilson 1983) mites were antagonistic to burying beetles at all 442 temperatures unless blowflies are present ( Fig. 2e,f) . 443 Previous studies have emphasised the significance of the abiotic environment in 444 tipping interactions from mutualism to parasitism (Chamberlain et al. 2014; 445 Hoeksema & Bruna 2015; Gorter et al. 2016) . For example, protective mutualisms 446 sometimes break down at higher temperatures because the protecting partner is the 447 more vulnerable to heat stress when temperatures rise (e.g. Barton & Ives 2014; 448 Fitzpatrick et al. 2014; Doremus & Oliver 2017) . However, we found no evidence 449 that mites were more vulnerable to higher temperatures, at least under field 450 conditions. Instead, the main driver of change in the protective mutualism came from the response of enemy blowflies to variation in temperature. We suggest that similar 452 effects might be found in other protective mutualisms, providing that both partners 453 can tolerate some thermal stress, and where enemy species are more likely to thrive at 
Field experiments

How do blowflies affect the burying beetle's realised thermal niche?
How does mite density affect the burying beetle's realised thermal niche?
Analyses of blowfly reproductive success
We tested for the interacting effects of mites 657 and temperature using GLMMs, using a negative binomial distribution to account for 658 data overdispersion, and again including these two effects as categorical covariates. 659 We split the dataset by treatments to determine how any significant interactions arose. 
With blowflies Without blowflies
